Redox couples coordinate cellular function, but the consequences of their imbalances 13 are unclear. This is somewhat associated with the limitations of their experimental 14 quantification. Here we circumvent these difficulties by presenting a new approach that 15 characterizes fitness-based tolerance profiles to redox couple imbalances using an in 16 silico representation of metabolism. Focusing on the NADH/NAD + redox couple in 17 yeast, we demonstrate that reductive disequilibria generate metabolic syndromes 18 comparable to those observed in cancer cells. The tolerance of yeast mutants to redox 19 disequilibrium can also explain 30% of the variability in their experimentally measured 20 chronological lifespan. Moreover, by predicting the significance of some metabolites to 21 help stand imbalances, we correctly identify nutrients underlying mechanisms of 22 pathology, lifespan-protecting molecules or caloric restriction mimetics. Tolerance to 23 redox imbalances becomes thus a valid framework to recognize fundamental 24 properties of the aging phenotype while providing a firm biological rationale to assess 25 anti-aging interventions. 26 27 Keywords 28 Aging, metabolism, in silico models, flux balance analysis, Warburg effect 29 30 33 Gutteridge, 2015). Among the most paradigmatic molecular agents underlying this 34 homeostasis emerge the ratios of redox couples, like those of the conjugate forms of 35 2 glutathione, NADPH and NADH. Both glutathione and NADPH act as essential 36 scavenging mechanisms of reactive oxygen species (ROS) in mitochondria, while 37 NADPH and NADH couple anabolic and catabolic pathways, respectively, with the 38 redox state of the cell. 39 40 Even so, new mechanisms linking NADPH/NADP + and NADH/NAD + pairs to redox 41 homeostasis continue to be recognized. For instance, the balance of NADPH/NADP + 42 partially explains the pro-survival consequences of AMP-activated protein kinase 43 (AMPK) (She et al., 2014) and also associates circadian timekeeping with redox state 44 (Rey et al., 2016). The NADH/NAD + ratio is currently thought to be involved in the 45 coordination of mitochondrial and nuclear function, the epigenetic regulation of DNA 46 repair and cellular identity, and the tuning of energy metabolism to environmental 47 variables (Cantó et al., 2015; Gomes et al., 2013). In non-pathological conditions, the 48 NADH/NAD + ratio fluctuates with environmental redox state, with hypoxic conditions 49 and higher oxygen availability correspondingly co-occurring with reductive and 50 oxidative deviations (Clanton, 2007; Graef et al., 1999). 51 52 But the growing interest in redox couple ratios mainly comes from their implications in 53 pathology. The appearance of ROS in both the reductive (hypoxic, NADH prone) and 54 the oxidative (hyperoxic, NAD + prone) senses has been related to divergences from an 55 optimal redox potential that ensures the best performance of the mitochondria (Aon et 56 al., 2010; Clanton, 2007). Regarding cancer, decreased NADH/NAD + may underlie 57 lethality of glioblastomas (Gujar et al., 2016) and promote colon cancer progression 58 (Hong et al., 2019), yet, it can also rescue some healthy phenotypes to different 59 degrees in cells from other tumor types (Garrido and Djouder, 2017).
Introduction 31
Research on redox homeostasis expanded substantially over the last two decades, 
175
When the imbalance reaction is located in the mitochondria, the reduction of NAD + 176 produced again a certain pseudohypoxic behavior, with one difference (Fig. 2B) . The 177 flux through glycolysis and glutamine metabolism increased, with a concomitant loss 178 on the parts of the TCA cycle and the pentose phosphate pathway. However, and 179 unlike in the cytosolic case, oxidative phosphorylation increased significantly. On the 180 other hand, the oxidative side of the mitochondrial profile was more idiosyncratic: 6 glycolytic activity increased in parallel with that of the TCA cycle, but oxidative 182 phosphorylation worked for the most part at lower levels than normal, and glutamine 183 metabolism was of little importance.
185 186
Metabolic syndromes result from a compromise between redox balance, 187 biomass production and an ATP/NADH trade-off 188
189
We identified several key elements at play that shaped the previous syndromes. The 
198
The reductive side required however one additional insight. As more and more NAD + is 199 sequestered to NADH, reactions that use NAD + and are directly or indirectly necessary 200 to produce biomass constituents become more and more constrained, so energy 201 metabolism must be rerouted to allow for an elevated conversion of NADH to NAD + 202 and to limit reduction of NAD + to NADH. This is still insufficient to face the perturbation,
203
as most reductive power in the form of NADH is essentially useless to many metabolic 204 objectives, reactions and growth: the energy stored in NAD + must be reallocated to 205 ADP. Thus, metabolism must prioritize reaction modules that produce as much ATP 206 and as little NADH as possible; it must rely on shunts and pathways that have a high 207 ATP/NADH yield, e.g., glycolysis and oxidative phosphorylation.
209
This results, among other things, in reduced TCA cycle and increased glycolytic flux 210 ( Fig. 3A) . To further explore the impact of this ATP/NADH trade-off, we overlapped a 211 reductive NADH/NAD + perturbation with an artificial reaction that allows 212 phosphorylation of ADP. The simulations showed that the elevated glycolysis to TCA 213 cycle flux ratio that characterizes reductive metabolism is dependent on the 214 ATP/NADH yield ( Fig. 3B) . Forcefully phosphorylating ADP reduces this 215 pseudohypoxic signature even in the face of very strong NADH-prone imbalance rates. We asked next to what extent could the tolerance profile act as predictor of lifespan,
223
given that redox couples have been discussed as potential lifespan determinants. One 224 way to study this is to compute the profile in different mutants ( Fig. 4A) 
230
In flux balance analysis, mutations in specific genes are simulated by constraining the 231 flux of the reactions associated to them through Boolean rules that relate each 232 chemical reaction to ORFs that translate for the reaction's enzyme (Methods). For 233 each of these mutants, we computed a mutant tolerance profile ( Fig. 4A) , and used the 234 sum of the imbalance absolute values at which growth rate is halved (both in the 235 reductive and the oxidative regimes) as a scalar score of tolerance.
237
Our mutant set was limited however by some restrictions (Methods). Notably, we were 238 incapable of distinguishing differences in tolerance below 10 ppm of the wild-type's 239 value without reaching prohibitive computation times, and many mutants presented 240 both negligible differences in lifespan and negligible differences in tolerance.
241
Additionally, it is generally considered that FBA is incapable of characterizing gain of 242 function deletions and, quite predictably, no mutant tolerances exceeded that of the 243 wild-type.
245
Beyond these constraints, the in silico tolerance profiles were able to explain ~30% of 246 the experimentally measured lifespan variability ( Fig. 4B , R 2 = 0.29, N = 41, p-value = 247 3.2x10 -4 ) with great significance: 10000 randomizations of the data pairs led to only 3 248 instances with a larger regression slope ( Fig. 4C ).
250 251
Conventional nutrients enable tolerance to NADH/NAD + imbalances 252 253
Lastly, we investigated whether specific dietary metabolites were particularly 254 determinant in the response to redox imbalance. To this aim, we used an additional 255 feature of FBA models, which is the possibility of accessing the usage of a particular 256 metabolite (defined as the rate of consumption in the steady state, Methods). We 
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Certain nutrients were more relevant for tolerance to NAD + reduction, others to NADH 271 oxidation, and a few to both of these regimes. The top most important dietary 272 metabolites for reductive tolerance were in order acetate, beta-hydroxybutyrate (BHB), 273 glutamate and glutamine ( Fig. 5B) , meanwhile the top most important for tolerating 274 NADH oxidation were acetate, NADP + , putrescine and spermidine ( Fig.5D ). Among 275 those that participated from tolerance on both sides of the profile, the most relevant 276 were in order acetate, glutamate, oxaloacetate and oxoglutarate ( Fig.5C ).
278
We considered metabolic models in other organisms to further corroborate which 
Discussion

292
We propose here an alternative approach to understand the broad biological 293 consequences of changes in redox couples. This approach is based on in silico 294 metabolic models and introduces the notion of the tolerance profile as a measure that 295 quantifies the cellular resilience to these changes.
297
The metabolic adjustments underlying the profile reveal the presence of a 
323
We aim next to determine the validity of our framework as a predictor of lifespan and of 
347
We used C. elegans and human models to strengthen the previous evaluation, One could argue however that some of the metabolites considered appear self-evident 365 as they are after all involved in reactions that inter-convert NADH and NAD + . The 366 question is then why other metabolites that also look a priori self-evident do not 367 emerge in our results. The answer lies in the mechanisms that ensure realistic 368 predictions in FBA. For a nutrient to be "homeostatic" against redox imbalance it must 369 not only increase NADH or NAD + production, but stand in central a pathway or module 370 with a high ATP/NADH yield and/or capacity to provide biomass constituents.
372
Finally, two more insights from our results are noteworthy. On one hand, they suggest 373 that in response to redox imbalances, metabolic networks are poised to increasingly 374 produce and/or consume some metabolites that are interpreted by signaling networks 
382
On the other hand, our study shows that in response to the altered ratios, metabolism 383 also makes increasing use of certain substances that can chemically damage the cell, 384 such as acetate, putrescine or acetaldehyde; as well as some that can promote 385 tumorigenesis through metabolic rewiring, such as glutamine, succinate and fumarate 386 (Sciacovelli et al., 2016) . This could then partly explain the pathologies linked to redox 387 imbalance and the macroscopic processes it is involved in, such as degenerative and 388 oncologic diseases: if redox imbalance must be buffered with substances that are toxic, 389 then these substances are probably mechanisms of the pathologies that co-occur with 390 redox imbalance.
392
We realize that our approach to redox imbalance can be understood as an unusual 393 variation of the study of metabolic network robustness and that it may accuse certain 394 caveats that leave plenty of room for improvement. With respect to robustness, studies 
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and Price, 2015), and still they are far better than even the most accurate multicellular 403 reconstructions available. Despite all these concerns, there is plenty of evidence that 404 warrants the increasing fidelity of metabolic models to natural behavior.
406
Presently, the prevailing research tends to ignore the potential negative consequences 407 of indiscriminately decreasing the NADH/NAD + ratio. This is in part due to the 408 promising benefits resulting from the mild decrements achieved experimentally, which 409 include reduction of neoplastic phenotypes, lifespan, and healthspan extension.
410
However, there is emerging evidence that recommends extreme caution regarding 
475
It can be appreciated that ADP phosphorylation reduces the pseudohypoxic phenotype 476 and delays quiescence. 
483
The correlation explains ~30% of the total variance (R 2 = 0.29, p-value = 3.2x10 -4 , N = 484 41). C) As an alternative way of view this association, we obtained a histogram of 485 regression slope values obtained from ten thousand randomly generated associations 486 between tolerance score and lifespan. From this sample, we find only 3 cases in which 487 the association between the tolerance score and the lifespan data is stronger than the 488 one found (indicated by the red vertical line). 
16
Imbalance implementation and tolerance profiles.
540
We added an artificial reversible reaction to the models that specifically interconverts 541 NADH and NAD + (in a specific compartment) to represent an imbalance. Before each 542 fitness calculation, we assign a rate value to the imbalance reaction, ensuring that in 543 the steady state solution a certain quantity of flux of the reactions that produce one of 544 the two forms is always lost to the conjugate form by virtue of its rerouting to the 545 imbalance. By assigning precise values to the imbalance reaction, from a negative to a 546 positive limit, we obtain the tolerance profiles. Note that negative values mean in this 547 context that the reaction is working in reverse. Therefore, for a range of imbalance 
563
We grouped reactions into a particular subset of pathways: glycolysis, 564 gluconeogenesis, the pentose phosphate pathway, oxidative phosphorylation, the 565 tricarboxylic acid cycle (TCA), glutamine and glutamate metabolism, quinone 566 biosynthesis, NAD + salvage, and fermentation, alcohol and sterol metabolism. These 567 routes described the basic catabolic and anabolic behavior of metabolism, but we 568 noted peculiar reactions outside these subsystems when their flux was outstanding. To 569 get a proxy for the total flux across a pathway we simply used the averaged flux of all 570 reactions in the pathway. In each case, we also quantified variability to confirm that the 571 mean is a representative score -with standard deviations being greatest in glycolysis 572 and the pentose phosphate pathway. To quantify pseudohypoxia in Fig. 3 , we adopted 573 the ratio between the calculated fluxes of glycolysis and the TCA cycle, normalized to 574 its wild-type (non-imbalanced) value.
576
Gene deletion study and tolerance score.
577
For each gene available in the model, we performed a full effect ("homozygote") 578 mutation, removing all related enzymes from the model; then we ran one simulation for 579 each value of the imbalance vector thus generating a mutant tolerance profile for each 580 gene. From the resulting collection of mutant tolerance profiles, we eliminated those 581 that were lethal in all conditions. We summarized the tolerance profiles into scalar 
607
CAFBA-elicited overflow is largely dependent on hexokinase flux, yet the overflow 608 linked to the imbalance is quite resilient to changes in this enzyme's activity.
610
Nutrient variation study.
611
We calculated the total amount of metabolite that the steady state metabolism 612 consumed per unit time for every imbalance situation, and then selected only the Fig. S2 ). The Caenorhabditis elegans metabolic response was very 628 similar to that of yeast when the NADH/NAD + imbalance reaction was placed in the 629 mitochondria. The preceding pseudohypoxic behavior followed tightly that found in the 630 yeast model, and so did most of the oxidative response. The only difference was that 631 during very extreme oxidative imbalances the worm model drew heavily on a partial 632 reverse configuration of the Krebs cycle (sometimes referred to as the glyoxylate cycle)
633
( Figs. S2A-B) .
635
The response of the worm model to cytosolic imbalances diverged slightly more from 636 that of S. cerevisiae. For once, glutamine metabolism did not change much from its 637 normal level under any point of the tolerance profile. Some features however did 638 emerge in a similar fashion, like the increased glycolysis to Krebs cycle ratio in 639 response to NAD + reduction, and the elevated gluconeogenesis, pentose phosphate 640 and oxidative phosphorylation flux following NADH oxidation (Figs. S2A-B) .
642
In the case of the more intricate human metabolic network, we obtained a much wider 643 tolerance profile, which made for more elaborate metabolic strategies and a more 644 diverse response (Figs. S2C-D) . However, some tendencies emerged that recover 645 many of the patterns already described. Yet, the human recon differs from the other 646 models in that these changes are far tamer, with fluxes rising and declining within a 
